We outline several well-motivated models in which GUT boundary conditions for SUSY breaking are non-universal. The diverse phenomenological implications of the nonuniversality for SUSY discovery at LEP2, the Tevatron, the LHC and the NLC are sketched.
I Introduction
We will consider models in which the gaugino masses and/or the scalar masses are not universal at the GUT scale, M U . The important issues are: a) the extent to nonuniversal boundary conditions can influence experimental signatures for the production of supersymmetric particles and possibly suggest special detector requirements needed to guarantee that the largest possible class of supersymmetric models lead to observable signatures at present and future lepton and hadron colliders; and b) the degree to which experimental data can distinguish between different hypotheses/models for the GUT scale boundary conditions. In this brief report, we attempt to develop some insight into the answers to both questions by focusing on some particularly well-motivated, but very different, scenarios for the GUT scale boundary conditions. At least one motivation for this report is to emphasize the fact that experimentalists must not rely on the phenomenology of any one model in planning their experiment or analyzing present or future data. The alternative possibilities presented here turn out to be relatively extreme in some respects, and thus may provide useful benchmarks. However, we will be conservative in that we do not allow R-parity violation; the LSP will always be the lightest neutralino and it will be invisible.
II Non-Universal Gaugino Masses at M U
We focus on two different types of models in which gaugino masses are naturally not universal at M U .
• Superstring-motivated models in which SUSY breaking is moduli (as opposed to dilaton) dominated. We consider the particularly attractive O-II model of Ref. [1] in which all matter fields are placed in the untwisted sector and the universal 'size' modulus field is the only source of SUSY breaking. In this model, gaugino masses derive from one-loop terms of a form * To appear in "Proceedings of the 1996 DPF/DPB Summer Study on New Directions for High Energy Physics". Work supported in part by the Department of Energy and by the Davis Institute for High Energy Physics.
that would be present in any theory. The boundary conditions at M U are:
where b a are the standard gauge coupling RGE equation coefficients (b 3 = 3, b 2 = −1, b 1 = −33/5), δ GS is the Green-Schwarz mixing parameter, which would be a negative integer in the O-II model, with δ GS = −4, −5 preferred; and η = ±1. The estimates of Ref. [1] are K = 4.6 × 10 −4 and K ′ = 10 −3 , which imply that slepton and squark masses would be very much larger than gaugino masses. It can be argued that the general relation of the M a to b a and δ GS is much more general than the O-II model, and very likely to even survive the non-perturbative corrections that will almost certainly be present, whereas the relation between the M a constant K and the m 0 constant K ′ is much more model-dependent.
• Models in which SUSY breaking occurs via an F -term that is not an SU(5) singlet. In this class of models, gaugino masses are generated by a chiral superfield Φ that appears linearly in the gauge kinetic function, and whose auxiliary F component acquires an intermediate scale vev:
where the λ a,b (a, b = 1, 2, 3) are the gaugino fields. If F is an SU(5) singlet, then F Φ ab ∝ cδ ab and gaugino masses are universal. More generally, Φ and F Φ need only belong to an SU(5) irreducible representation which appears in the symmetric product of two adjoints:
where only 1 yields universal masses. For the other representations only the component of F Φ that is 'neutral' with respect to the SM SU(3), SU(2) and U(1) groups should acquire a vev, assuming that these groups remain unbroken after SUSY breaking. In this case F Φ ab = c a δ ab , with c a depending upon which of the above representations Φ lies in. The c a then determine the relative magnitude of the gauginos masses at M U . The results for the four possible irreducible representations, Eq. (3), appear in Table I . An arbitrary superposition of the four irreducible representations is To understand the implications of GUT-scale choices for the M a , we need only recall that M [4] a scenario is developed in which nonuniversal gaugino masses are intimately related to a solution of the doublet-triplet Higgs mass splitting naturalness problem [5] . One finds:
where M H2 = 0, k 3 = 1, k 1 = 15, G is the usual SU(5) group, H 1 and H 3 are new groups with associated coupling constants g H1, 3 , the g a are the usual coupling constants, and all M/g 2 ratios are RG invariants. Since there are essentially no constraints on M H1,3 /g 2 H1,3 at M U , the gaugino masses become independent parameters. III Non-universal scalar masses at M U Two classes of model come immediately to mind.
• Models in which the SUSY-breaking scalar masses at M U are influenced by the Yukawa couplings of the corresponding quarks/leptons. This idea is exemplified in the model of Ref. [6] based on perturbing about the [U (3)] 5 symmetry that is present in the absence of Yukawa couplings. One finds:
where Q represents the squark partners of the lefthanded quark doublets and U c (D c ) the partners of the left-handed up (down) antiquarks. The m 2 's, I and λ u , λ d are 3 × 3 matrices in generation space, the latter containing the Yukawa couplings of the quarks. The . . . represent terms of order λ 4 that we will neglect. A, c Q , c . We also recall that A terms can be present that will mix the Q and U c , D c squark 
fields, with
where are equally shifted that will distinguish m 2 nonuniversality from the effects of a large A 0 parameter at M U ; the latter would primarily introduce t L − t R mixing and yield a low m t1 compared to m b1 .
• A second source of non-universal scalar masses is closely related to the second non-universal gaugino mass scenario discussed earlier. In close analogy, scalar masses will arise from the effective Lagrangian form:
where the φ i,j are the scalar fields and we implicitly assume that only a single F Φ in an irreducible representation of SU (5) is active. Since the φ i 's associated with the partners of the (left-handed) SM fermion and antifermion fields appear in both 5 and 10 representations, while the doublet Higgs fields that must remain light appear in a 5, the representation R of Φ must be chosen so that R × R overlaps one or more of the representations common to 10 × 10 = 1 ⊕ 24 ⊕ 75 and 5 × 5 = 1 ⊕ 24. For example, R = 1 and [see Eq. (3)] R = 24 both would work, and illustrate the possibility that a single F Φ could simultaneously give rise to both gaugino and squark soft mass terms. The analysis of squark masses in the general situation is complex and will be left to a future work. There are clearly many possible patterns of non-universality.
Finally, we note that universality is predicted for the scalar masses in the O-II model, although in modest variants thereof a limited amount of non-universality can be introduced.
IV Phenomenology
We separately consider gaugino mass non-universality and squark mass non-universality, although the two could be interrelated in the F Φ models. Even if these different types of non-universality do not derive from the same mechanism, both could be simultaneously present. We note that we found it to be very straightforward to incorporate alternate non-universal boundary conditions into event generators such as ISASUGRA/ISASUSY. Interested parties are encouraged to contact us for specific instructions.
A Non-universal gaugino masses
The gaugino mass patterns outlined in Table I have important phenomenological implications, only a few of which we attempt to sketch here.
• For m χ 2. the like-sign signal for g g production disappears;
3. the tri-lepton signal for χ
(O-II, δ GS ∼ −4), the jets + E / T signal for g g production is more difficult to extract -softer jet cuts must be employed than in other scenarios, implying larger backgrounds, see [3] ;
• Decay patterns and mass ratios are a strong function of scenario, implying experiment can distinguish different scenarios from one another.
It is particularly amusing to examine the phenomenological implications of these boundary conditions for the standard Snowmass overlap point specified by m t = 175 GeV, α s = 0.12, m 0 = 200 GeV, M below, we shall take m 0 = 600 GeV, a value that yields a (pole) value of m g not unlike that for the other scenarios; m 0 = 200 GeV would imply that the χ 0 1 would not be the LSP. By comparing these scenarios we can gain a first insight as to the degree to which experiment will allow us to determine the appropriate GUT/String scale boundary conditions.
The masses of the supersymmetric particles for each scenario are given in Table II . As promised, the χ The phenomenology of these scenarios for e + e − collisions is not absolutely straightforward.
• In the 1 and 24 models the masses for the ℓ L , ℓ R , χ ± 1 , χ 0 1 and χ 0 2 are such that the standard array of SUSY discovery channels at the NLC would be present and easily observable since all mass splittings are substantial.
• In the 75 model, χ • In the 200 model, e + e − → χ At the LHC, the strongest signal for SUSY would arise from g g production. The different models lead to very distinct signatures for such events. To see this, it is sufficient to list the primary easily identifiable decay chains of the gluino for each of the five scenarios. (In what follows, q denotes any quark other than a b.)
Gluino pair production will then lead to the following strikingly different signals.
• In the 1 scenario we expect a very large number of final states with missing energy, four b-jets and two lepton-antilepton pairs.
• For 24, an even larger number of events will have missing energy and eight b-jets, four of which reconstruct to two pairs with mass equal to (the known) m h 0 .
• The signal for g g production in the case of 75 is much more traditional; the primary decays yield multiple jets (some of which are b-jets) plus χ • In the 200 scenario, we find missing energy plus four b-jets; only b-jets appear in the primary decay -any other jets present would have to come from initial or final state radiation, and would be expected to be softer on average. This is almost as distinctive a signal as the 8b final state found in the 24 scenario.
• In the final O-II scenario, χ ± 1 → χ 0 1 + very soft spectator jets or leptons that would not be easily detected. Even theor g from the primary decay would not be very energetic given the small mass splitting between m g and m χ ± 1 ∼ m χ 0
1
. Any energetic jets would have to come from initial or final state radiation. Soft jet cuts would have to be used to dig out this signal, but it should be possible given the very high g g production rate expected for this low m g value; see Ref. [3] .
Thus, for the particular m 0 , M 3 , tan β, etc. values chosen for the Snowmass comparison point, distinguishing between the different boundary condition scenarios at the LHC will be extremely easy. Further, the event rate for a gluino mass this low is such that the end-points of the various lepton, jet or h 0 spectra will allow relatively good determinations of the mass differences between the sparticles appearing at various points in the final state decay chain [7] . We are optimistic that this will prove to be a general result so long as event rates are large.
B Non-universal scalar masses
In this section, we maintain gaugino mass universality at M U , but allow for non-universality for the squark masses, in which case it is natural to focus on LHC phenomenology.
We perturb about the Snowmass overlap point, taking c Q = 0 with c U = c D = A 0 = 0. In Fig. 3 we plot the g branching ratios as a function of m tL = m bL as c Q is varied from negative to positive values. As the common mass crosses the threshold above which the g → b 1 b decay becomes kinematically disallowed, we revert to a more standard SUSY scenario in which g decays are dominated by modes such as χ Experimental determination of the squark masses will be very important for deciding if corrections to scalar mass universality are present at M U and for illuminating their nature. 
V Conclusions
By combining well-motivated GUT-scale gaugino mass non-universality and squark mass non-universality scenarios an enormous array of boundary conditions at M U becomes possible. Thus, it will be dangerous to focus on one signal/channel or even short list of channels for discovery of supersymmetry. Indeed, a thorough search and determination of the rates (or lack thereof) for the full panoply of possible channels is required to distinguish the many possible GUT-scale boundary conditions from one another.
